The ability of fungal cells to undergo cell fusion allows them to maximize their overall 27 fitness. In this study, we characterized the role of the so gene orthologous in 28
3 6 126 Z. tritici is an apoplastic pathogen with a latent necrotrophic lifestyle and considered 127 the most damaging pathogen of wheat in Europe (Fones & Gurr, 2015) . Hyphae 128 formed from either germinated ascospores (sexual spore), pycnidiospores (asexual 129 spores) or blastospores (asexual spores produced by budding) are essential for 130 penetrating wheat leaves through stomata and colonization of the apoplastic space. 131
After a long asymptomatic phase (which varies depending on the wheat genotype and 132 fungal strain combination), the onset of the necrotrophic phase is followed by the 133 appearance of lesions, disintegration of host tissue and formation of asexual fruiting 134 bodies. Though Z. tritici is among the top 10 most studied phytopathogens (Dean et 135 al., 2012) , little is known about vegetative cell fusion in this organism. To date, it has 136 been shown that the deletion of the b-subunit of the heterotrimeric G protein -MgGpb1 137 or the ZtWor1, a transcriptional regulator of genes located downstream of the cyclic 138 adenosine monophosphate (cAMP) pathway, negatively regulate cell fusion producing 139 germ tubes that undergo extensive anastomosis (Mehrabi et al., 2009 , Gohari et al., 140 2014 . 141
142
In this study, we aimed to determine whether the ZtSo gene and vegetative cell fusions 143 play important biological roles in the lifestyle of Z. tritici. We showed that the ubiquitous 144 ability of Z. tritici to undergo self-fusion was disrupted by the deletion of ZtSo affecting 145 both hyphal and germling fusions. The characterization of mutants lacking the MAP 146 kinase-encoding genes ZtSlt2 (orthologous MAK-1) or ZtFus3 (orthologous MAK-2) 147 showed that the cell fusion of Z. tritici is also regulated by the ping-pong self-signaling 148 mechanism, demonstrating the functional conservation of this mechanism across 149 species. We found that ZtSo is required for vegetative growth and melanization, but 150 7 not to maintain the cellular integrity of the fungus. We discovered that anastomoses 151 are dispensable for pathogenicity, but they are essential for fruiting body development. 152
In the absence of cell fusions, Z. tritici does not undergo asexual reproduction. These 153 findings illustrate the impact of ZtSo for fungal development and the importance of 154 vegetative cell fusions for fungal fitness. We co-inoculated either blastospores or pycnidiospores of both 1E4GFP and 1E4mCh 161 fluorescent strains onto water agar (WA -1% agar in water), a hyphal-inducing 162 medium, to investigate the ability of Z. tritici to undergo self-fusions. Fungal cells 163 expressing each fluorescent protein appeared in only one color-channel of the 164 fluorescence microscope (Fig. 1A) , which ensures that the reciprocal cytoplasmic 165 streaming is explicitly due to cell fusions. Though Z. tritici produces blastospore and 166 pycnidiospores as asexual spores instead of conidium, we used the CAT terminology 167 to define the fusion between germinating spores. CATs formed between blastospore 168 or pycnidiospores germlings started after 4 hours of incubation, but are frequently 169 observed after 17 hours of incubation ( Fig. 1B) . Vegetative hyphal fusions (VHFs) from 170 germinated blastospores or pycnidiospores were noticed at 40 hours after incubation 171 (hai) (Fig. 1C and D) . Multiple interconnections via fusion bridges were observed in all 172 tested morphotypes ( Fig. 1B-D) . The co-infection of wheat plants using either 173 blastospores or pycnidiospores of 1E4GFP and 1E4mCh strains also resulted in VHFs on 174 12 (dpi) and the disease progression was similar among the plants inoculated with 276 DZtKu70, DZtSo or DZtSo-comp strains (Figs. 6A and S8) . This indicates that ZtSo is 277 neither required for host penetration nor the asymptomatic or necrotrophic phases of 278 the fungus. The asexual fruiting bodies (pycnidia) were visible on plants inoculated 279 with those strains possessing the ZtSo gene at 14 days post-inoculation (dpi). In 280 contrast, plants infected with DZtSo never developed pycnidia. The failure to form the 281 asexual reproductive structure was also observed in other susceptible cultivars to Z. 282 tritici (Fig. S9) . 283
284
To distinguish whether the absence of pycnidia formation would be either a 285 consequence of the lack of hyphal fusions or higher sensitivity of the DZtSo mutant to 286 the plant defenses, we used a wheat extract agar medium to induce pycnidia formation 287 in vitro. DZtSo produced only mycelial knots, the forerunner developmental stage of 288 mature pycnidia, but no asexual reproductive structures were further developed. 289
Unlike, the pycnidia-like structures formed by DZtKu70 or DZtSo-comp strains were 290 exuding a whitish liquid similar to the oozed cirrhus-containing pycnidiospores 291 observed in planta (Fig. 6B) . 292 293 Therefore, we next postulated that DZtSo has a similar colonization pattern than the 294 wild-type strain, including accumulation of hyphae in the sub-stomatal cavity, but the 295 lack of cell fusion would obstruct the pycnidial development. We monitored the wheat 296 plants infected with 1E4GFP or 1E4GFPDZtSo strains using confocal microscopy up to 297 12 dpi. At the earlier evaluated stages of the plant infection, we observed mainly host 298 penetration, initial intercellular hyphal extension and sub-stomatal colonization (Fig. 299 S10 -6 and 7 dpi). None difference was noticed in fungal development, however, 300 13 hyphal fusions established during epiphytic host colonization were only found for 301 1E4GFP strain. At 8 and 9 dpi, we observed that the first intercellular hyphae 302 surrounding the stomatal guard cells produced specialized knots from where 303 secondary hyphae emerge and germinate (Figs. 7 and S10). These secondary hyphae 304 fuse with other nearby hyphae, creating an interconnected network in the sub-stomatal 305 cavity (e.g. for the 1E4GFP strain) or it keeps extending as individual hypha (e.g. for the 306 1E4GFPDZtSo mutant) (Figs. 7 and S10). The combination of sub-stomatal hyphal 307 accumulation and anastomoses generates the mature pycnidium, which later supports 308 the asexual reproduction of Z. tritici. On the other hand, the lack of anastomosis stops 309 the development of the pycnidium and, consequently, impair the asexual cycle of the 310 fungus. Thus, we concluded that hyphal fusions are crucial for the pycnidial 311 development and the disturbance of this mechanism ceases the asexual reproduction 312 of Z. tritici. 313
314

Discussion 315
Cell-to-cell communication regulates a myriad of biological process that drive fungal 316 development and ecological diversifications. The sophisticated evolution in the fungal 317 language allowed a fine-tune coordination of signal senders and receivers and, 318 consequently, the regulation of complex signaling networks. Here, we explored the 319 functional relationship of a gene involved in cell-to-cell communication and its 320 biological contribution to the development and fitness of a filamentous fungus plant 321 pathogen. 322
323
Vegetative cell fusion is one of the most important cellular developmental processes 324 of a mycelial fungal colony (Glass et al., 2000 , Simonin et al., 2012 . The cytoplasmic 325 14 continuity generated by cell fusion provides adaptative advantages to the 326 interconnected mycelial network essentially for resource sharing and introgression of 327 genetic material (Simonin et al., 2012 , Roca et al., 2005b , Mehrabi et al., 2011 . CATs 328 forming at earlier stages of the vegetative growth have been documented for several 329 filamentous fungi (Roca et al., 2005a) . We observed that these specialized fusion 330
bridges require a certain cell density, indicating that Z. tritici may induce CATs at a 331 critical concentration of a self-produced extracellular molecule, most likely a quorum-332 sensing molecule. A CAT inducer signal based on a quorum sensing was previously 333 proposed for N. crassa and Venturia inaequalis (Roca et al., 2005b , Read et al., 2012 , 334 but the nature of this molecule and its receptor on the cell remain unknown. On the 335 other hand, the induction of VHF in Z. tritici does not seem to be associated with a 336 quorum-sensing because anastomoses were frequently observed at lower initial cell 337 concentration and thus, VHF may be induced by some other environmental signal. For Unlike the majority of fungal species that form a multinuclear hyphal network (Roper 349 et al., 2011) , Z. tritici has only one nucleus per septal compartment (Kilaru et al., 2017) . 350 15 We used a GFP-tagged nucleus strain, to track the nuclei movements between two Z. 351 tritici fused partners. Nuclei transfer between two encountering hyphae has been 352 described for different fungal species (Chagnon, 2014 , Mehrabi et al., 2011 , Roper et 353 al., 2011 . The consequences of genetic exchange include the formation of viable 354
heterokaryons (Roper et al., 2011) and the risk to introduce pathogenic elements or 355 virulence genes (Biella et al., 2002 , Goddard & Burt, 1999 , Friesen et al., 2006 . This 356 raises the question of whether heterokaryon formation could happen in Z. tritici after 357 cell fusions. We showed that after the fusion bridge formation connecting the two 358 identical Z. tritici cells, the new cell compartment is occupied by a migrating nucleus 359 coming from a neighboring nucleus-divided by mitosis. Heterokaryon cells were never 360 observed neither near nor far from the anastomosis point, indicating that Z. tritici may 361 have evolved to limit the spreading of genetic elements and restricting the formation 362 of heterokaryons and the parasexual cycle. However, we do not discard the possibility 363 that exchanges of DNA fragments or pathogenic elements may affect the fitness and 364 evolution of this fungus. For instance, transposable elements (TEs) are extraordinary 365 generators of fungal diversity and versatility (Mat Razali et al., 2019 , Castanera et al., 366 2016 . These selfish elements, in particular, the DNA Transposon (or Class II TE), that 367 represents 14.6% of the repetitive DNA in Z. tritici (Dhillon et al., 2014) and uses the 368 transposase activity to "cut and paste" genome sequences, could mediate gene or 369 chromosome horizontal transfers. Notwithstanding, this mechanism was proposed for 370
the ToxA neighboring type II hAT-like transposase gene horizontally transferred 371 between three wheat pathogen-related species (McDonald et al., 2019) . Likewise, the 372 mycoviruses existing within the cytoplasm can also be horizontally transmitted during 373
anastomosis (Ihrmark et al., 2002 , Pearson et al., 2009 . Z. tritici is known to host 374 double-stranded RNA (dsRNA) mycoviruses species (Zelikovitch et al., 1990 , Kema 375 16 et al., 2008 , including a homologous dsRNA hypovirus identified in Fusarium 376 graminearum and associated with altered fungal growth, pigmentation and reduced 377 virulence (Chu et al., 2002) . Hypovirulence associated with dsRNA mycoviruses has 378 been reported for several plant pathogen fungi (Nuss, 2005) , but the impact of these 379 obligate parasites on Z. tritici biology remain broadly unknown. Here, we propose that 380 cell fusions may generate non-conventional possibilities to contribute to the high 381 genetic diversity observed in Z. tritici isolates. Whether these genetic elements or 382 mycoviruses can be acquired by anastomosis and impact Z. tritici diversification will 383 be a subject of futures studies. genes essential for mating, filamentation, pathogenicity, cell integrity and stress 391 response (Deng et al., 2018 , Zhao et al., 2007 , Pandey et al., 2004 , Maddi et al., 2012 , 392 Leng & Zhong, 2015 , Hagiwara et al., 2016 and thus, the deletion of MAP kinase-393 related genes result in pleiotropic phenotypes due to the interaction in multiple 394 biological processes. Though fungal communication and fusion require the regulation 395 of several genes (Fischer & Glass, 2019) , the crosstalk between cell wall integrity 396 (CWI) and MAK-2 signal response, two conserved MAP kinase signaling pathways, 397 are essential to produce, secrete and sense the chemoattractant molecule produced 398 during cell fusion (Fleissner et al., 2009 ). The deletion of MAK-1 or MAK-2 genes 399 disrupts the signaling cascade affecting the self-anastomosis in filamentous fungi. We 400 17 used the ZtSlt2 (MAK-1) and ZtFus3 (MAK-2) Z. tritici orthologues to demonstrate the 401 functional conservation of these MAP kinase pathways in this fungus. Hitherto, ZtSlt2 402
and ZtFus3 were known as essential genes for the pathogenicity of Z. tritici, regulating 403 invasive growth and host penetration (Mehrabi et al., 2006 , Cousin et al., 2006 . Here, 404
we showed that both DZtSlt2 and DZtFus3 lost their self-stimulation and were unable 405 to undergo anastomosis. Our results indicate that cell fusions in Z. tritici follow the 406 ping-pong self-signaling mechanism described for N. crassa (Fleissner et al., 2009 , 407 Read et al., 2009 , where the signal sending and receiving is coordinated by genes-408 associated with the CWI and MAK-2 pathways. Besides, this is the first report of CWI 409 and MAK-2 pathways regulating cell communication in Z. tritici. 410
411
To evaluate the impact of vegetative cell fusion for the biology of a latent necrotrophic 412 fungus, we used ZtSo orthologous of N. crassa so. In contrast to the MAP kinase-413 related genes, the characterization of so orthologues results in less pleiotropic 414 phenotypes (Fleissner et al., 2005 , Prados Rosales & Di Pietro, 2008 , Craven et al., 415 2008 . Filamentous fungus lacking so gene is impaired in self-anastomosis (Craven et 416 al., 2008 , Prados Rosales & Di Pietro, 2008 , Charlton et al., 2012 , Fleissner et al., 417 2005 , including Z. tritici, in which we showed that the deletion of ZtSo abolishes the 418 vegetative cell fusion of this fungus. We characterized the impact of this fusion defect 419 during different developmental stages of Z. tritici. For example, while the fusion 420 competent individuals have an advantageous growth on WA medium promoting larger 421 colonies with dense hyphal borders, the DZtSo mutant exhibited an asymmetrical 422 hyphal growth extension. It has been previously demonstrated that the direction of 423 nutrient distribution occurs mostly from the central part of mycelium to outwards and 424 its streaming speed is driven by the anastomosis (Simonin et al., 2012) . Thus, the 425 18 repression of colony extension observed for the DZtSo mutant grown on a nutrient-426 limited environment may be a consequence of the irregular distribution of cytoplasmic 427 content, including this limited-food resource, throughout the mycelial colony. 428
Surprisingly, DZtSo underwent extensive production of blastospores, generating larger 429 yeast-like colonies than the fusion competent individuals in a nutrient-rich 430 environment. This result suggests that the increased growth rate observed for the 431 fusion-defective mutant may reflect the role of the ZtSo gene on the vegetative growth, 432 in this case, the boost of the blastosporulation mechanism, probably due to an 433 interplay of different signaling pathways. The genetic relationship between the 434 derepression of blastosporulation and the lack of ZtSo gene remains to be elucidated. 435
436
We showed that the DZtSo does not accumulate melanin, resulting in whiter and larger 437 colonies than those formed by DZtKu70 and DZtSo-comp strains. These findings 438 illustrate how melanization drove pathogen adaptation to a trade-off between energy 439 cost for pigment production and fungal growth. The deleterious effect on Z. tritici 440 growth caused by a higher accumulation of melanin was previously reported for this 441 fungus (Krishnan et al., 2018) . Melanins are dark-pigmented secondary metabolites 442 often associated with the fungal cell walls. Though fungi can produce different kinds 443 of melanins, hitherto, it has been suggested that melanization of Z. tritici is controlled 444 only by the polyketide synthase (PKS) gene cluster containing catalytic enzymes and 445 transcription regulators of the 1,8-dihydroxynaphthalene (DHN) melanin 446 (Lendenmann et al., 2014 , Krishnan et al., 2018 . The CWI pathway, to which ZtSo 447 belongs, is the central signaling cascade regulating diverse biological processes, 448
including the production of secondary metabolites (Levin, 2005 , Valiante, 2017 , Park 449 et al., 2008 . It has been demonstrated to plant-pathogenic fungi that the deletion of 450 19 CWI-associated genes inhibited pigmentation by reducing the expression of DHN 451 melanin biosynthetic genes (Yago et al., 2011 , Liu et al., 2011 , Valiante et al., 2015 . 452
Thus, we speculate that the CWI signaling pathway regulates the PKS-encoding 453 genes leading to the melanin accumulation in Z. tritici. The deletion of ZtSo may impair 454 the CWI-regulatory cascade and, consequently, the regulation of DHN-melanin 455 production, resulting in the lack of pigmentation observed for both DZtSo and DZtSlt2 (Mehrabi et al., 2006) mutants from the CWI pathway. On the other hand, so is also 457 described for its putative function in the secretion of internal vesicles transporting the 458 chemoattractant molecule at the growing cell tip (Fleissner et al., 2005 , Fleissner & 459 Herzog, 2016 . Considering that different studies have demonstrated that fungal 460 melanin may be synthesized in internal vesicles and transported to the cell wall 461 (Rodrigues et al., 2008 , Silva et al., 2014 , we propose an alternative hypothesis to 462 different cellular stressors to evaluate whether (i) the defect in melanin accumulation 473 or (ii) the deletion of ZtSo, the scaffold protein for the MAP kinase genes from the CWI 474 pathway, would affect pathogen stress tolerance. Since the non-melanized DZtSo 475 20 mutant displayed the same degree of stress sensitivity than DZtKu70 and DZtSo-comp 476 strains, we concluded that ZtSo does not act as a scaffold protein for all CWI pathway 477 function. This observation was previously described for the model fungus Sordaria 478 macrospora, where the PRO40 (orthologous to ZtSo) operates as a scaffold for the 479 CWI-encoding genes during fungal development, hyphal fusion, and stress response, 480 but not for growth under cell-wall stress agents (Teichert et al., 2014) . Our results 481
456
showed that melanin accumulation of Z. tritici does not promote an advantage of fungal 482 survival in harsh environments, at least for the stressful conditions tested in this study. 483
484
We demonstrated that VHFs are dispensable for the pathogenicity of Z. tritici. The 485 fusion-defective DZtSo mutant displayed a similar host damage progression than 486 those individuals possessing the gene. This finding exemplifies the distinct effects of 487 cell fusions on fungal pathogenicity. For instance, for the soil-borne Fusarium 488 oxysporum, VHF-impaired mutants exhibited only a slightly reduced virulence, 489
whereas, for the necrotrophic plant pathogen A. alternata, VHFs are necessary for the 490 full virulence of the fungus (Prados Rosales & Di Pietro, 2008 , Craven et al., 2008 . 491
Though the deletion of ZtSo is not essential for host penetration, colonization or for 492 the onset of the necrotrophic phase per se, it is during hyphal accumulation in the sub-493 stomatal cavity that the fusion defect impacts Z. tritici fitness. As far as we know, this 494 is the first time that pycnidial development has been microscopically detailed in a 495 filamentous fungus. We showed that the first intercellular hyphae surrounding the 496 stomatal guard cells produced specialized knots from where secondary hyphae 497 emerge and germinate to fuse with other adjacent hyphae. Consequently, this 498 preliminary hyphal network creates the basis for a symphogenous development that 499 builds the concave-shaped pycnidial wall of the mature pycnidium. On the other hand, 500 21 the inability to undergo anastomosis ceases the development of the asexual fruiting 501 bodies of the fungus, and therefore, abolish fungal reproduction. The accumulation of 502 hyphae observed in the sub-stomata chamber by the DZtSo mutant confirms that there 503 is a specific signal that triggers sub-stomatal hyphal aggregation, which is independent 504 of the chemoattractant molecule secreted by the fungus to induce hyphal fusion. 505
Regarding the sexual phase, we did not investigate the impact of the DZtSo for the 506 sexual cycle, because is not yet feasible to generate in vitro crosses for Z. tritici. 507 Research -INRA, France).Because the MAP kinase mutants were generated in the 530 genetic background of IPO323 (Kema & van Silfhout, 1997) , this strain was also used. 531
Routinely, Z. tritici was cultivated on yeast-sucrose broth (YSB) medium (10 g/L yeast 532 extract, 10 g/L sucrose, 50 µg/mL kanamycin sulfate; pH 6.8). Each strain was stored 533 in glycerol at -80°C until required and then recovered in YSB medium incubated at 534 18°C for four days. 535 536
Plant infection to obtain fluorescent pycnidiospores 537
Wheat seedlings from the susceptible wheat cultivar Drifter were grown for 16 days in 538 the greenhouse at 18°C (day) and 15°C (night) with a 16h photoperiod and 70% 539 humidity. Blastospore suspensions of 1E4GFP or 1E4mCh were obtained after four days 540 of growth in YSB medium. Spore suspensions were adjusted to a final concentration 541 of 10 6 blastospores/mL in 30 mL of sterile water supplemented with 0.1% (v/v) Tween 542 and applied to run-off using a sprayer and the plants were kept for three days in sealed 543 plastic bags, followed by 21 days in a greenhouse. Leaves with pycnidia were 544 harvested and transferred to a 50 ml Falcon tube containing sterile water and gently 545 agitated to harvest the pycnidiospores. Fluorescent pycnidiospores were used to 546 assess the cell fusion events during in vitro and in vivo growth. Pycnidiospore 547 suspension-tagged GFP or mCherry were also adjusted to a final concentration of 10 6 548 pycnidiospores/mL and a new batch of plants were inoculated as described above. 549 23 Plants co-infected by both 1E4GFP and 1E4mCh strains were used to observe VHFs on 550 the wheat leaf surface. 551 552
Characterization of cell fusion events in vitro and in vivo 553
The ability of Z. tritici to undergo cell fusions was evaluated using blastospores and 554 pycnidiospores of 1E4GFP and 1E4mCh. Cell concentrations were adjusted to 3.3x10 7 555 blastospores/mL or 3.3x10 6 blastospores/mL to induce CATs or VHFs, respectively. 556 300 µL of each morphotype and fluorescence was plated on water agar (WA) to create 557 a ratio of 1:1 and to provide a final concentration of 10 7 blastospores/mL or 10 6 558 blastospores/mL. A section of about 1 cm 2 of agar was aseptically cut and placed on 559 To determine whether nuclei exchange happens during VHFs in Z. tritici, we used the 574 IPO323 ZtHis1-ZtGFP strain (Kilaru et al., 2017) , which has the GFP as a fluorescent 575 marker labeling the nucleus. Blastospores of the IPO323 ZtHis1-ZtGFP strain were 576 plated on WA plates at a final concentration of 10 6 blastospores/mL. Spores were 577 monitored up to 72 hai by light and fluorescent microscope. 578 579
Orthologues identification, protein alignment and phylogenetic analysis 580
The so gene sequence from Neurospora crassa (XM_958983.3) was blasted against 581 the Z. tritici genome (https://genome.jgi.doe.gov/Mycgr3/Mycgr3.home.html) to 582 identify its orthologous in this fungus. The Z. tritici So orthologous protein sequence 583 was used for a Blastp analysis against the NCBI database (National Center of 584 Biotechnology Information). Blastp searches at expected value homology cut-off of 1e-585 10 were included as positive. A dataset containing So orthologues proteins of different 586
Ascomycete species were used for phylogenetic analysis. Three members of 587
Basidiomycetes were used as outgroup. Protein sequences were aligned using 588
AliView program (Larsson, 2014) . The best-fit model of amino acid evolution was the 589
LG+G, determined by Mega6 software (Tamura et al., 2013) . Amino acid sequences 590 were aligned using Muscle followed by maximum likelihood phylogeny reconstruction 591 using 1,000 bootstraps and performed with the software Mega6 (Tamura et al., 2013) . 592 593
Plasmid constructions and transformations 594
All PCRs for cloning procedures were performed using NEB Phusion polymerase 595 (New England Biolabs). Primers used for cloning, sequencing and knock-out 596 confirmations are listed in Supporting Information Table S1 . DNA assemblies were 597 conducted with the In-Fusion HD Cloning Kit (Takara BIO) following the 598 25 manufacturer's instructions. To increase the homologous recombination efficiency, we 599 first inactivated the ZtKu70 (Mycgr3G85040 or Zt09_3_00215) gene in the1E4 strain 600 using the plasmid pGEN-YR-DZtKu70 (Sidhu et al., 2015) , containing a geneticin 601 resistance gene cassette (also known as G418), as a selectable marker. To disrupt 602 the Z. tritici so gene (ZtSo), 1 Kb size of both flanking regions were amplified from the 603 1E4 genomic DNA. The hygromycin resistance gene cassette (hph), used as a 604 selective marker, was amplified from pES6 plasmid (obtained from E. H. Stukenbrock, 605
Kiel University, unpublished). The pES1 plasmid (obtained from E. H. Stukenbrock, 606
Kiel University, unpublished) was digested with KpnI and SbfI for plasmid linearization, 607 and three fragments were assembled, which resulted in the pES1-DZtSo. To 608 reintroduce the ZtSo gene into the DZtSo mutant strain, we used the plasmid pES1.
609
We amplified the nourseothricin resistance gene cassette (nat) from pES43 plasmid 610 (obtained from E. H. Stukenbrock, Kiel University, unpublished) to be used as a 611 selectable marker. ZtSo gene containing 1 Kb size of each flank region and the nat 612 resistance gene cassette was assembled into pES1, resulting in pES1-DZtSo-comp 613 that allowed to introduce the ZtSo gene into its native location (Fig. S11 ). We also 614 used the pES1-DZtSo plasmid to knock-out the ZtSo gene in the 1E4GFP genome 615 background, enabling the visualization of the GFP-tagged mutant during host 616 infection. 617 618 Plasmids were transformed into E. coli NEB 5-alpha by heat shock transformation for 619 plasmid propagations, followed by plasmid miniprep using QIAprep Spin Miniprep 620 (Qiagen) according to manufacturer's instructions. Successful plasmid constructions 621 were confirmed by Sanger sequencing before been transformed into Agrobacterium 622 tumefaciens strain AGL1 cells by electroporation. 623 26 624 Z. tritici 1E4 strain was transformed by Agrobacterium tumefaciens-mediated 625 transformation (ATMT) according to Meile et al. (2018) . The knock-out of the target 626 genes was verified by a PCR-based approach using a forward primer specific to the 627 upstream sequence of the disrupted gene and a reverse primer specific to bind in the 628 resistance cassette (Table S1 ). We determined the copy number of the transgene by 629 quantitative PCR (qPCR) on genomic DNA extracted with the DNeasy Plant Mini Kit 630 (Qiagen). We used as qPCR target gene the selection marker and the TFIIIC1 or 18S, 631 as reference genes (Table S1 ). Lines with a single insertion were selected for further 632 experiments. 633 634
Phenotypic characterizations 635
For all phenotypic analyses, DZtKu70 was considered the wild-type (WT) strain. To To test for altered fungal growth, we used PDA (39 g/L potato dextrose agar, 50 µg/mL 649 kanamycin sulfate) and WA media to induce blastospore and hyphal growth, 650 respectively. 200 µL of spore suspension of DZtKu70, DZtSo, and DZtSo-comp were 651 plated at a final concentration of 2x10 2 blastospores/mL on each aforementioned 652 media and incubated at 18°C. At least 40 colonies formed in five independent PDA 653 plates were photographed from the bottom using a standardized camera setting 654 (Lendenmann et al., 2014) at 8, 9, 10, 11, 13, and 15 days post-incubation (dpi) . Digital 655 images were processed using a macro developed in the ImageJ software (Schneider 656 et al., 2012) , which scores the area of individual colonies in the images. Fungal growth 657 was obtained by converting the colony area into radial growth (millimeter (mm)) based 658 on the formula = # , for each strain. Radial growth values were plotted in a boxplot 659 graphic using the ggplot2 package from R (Wickham, 2009 ). Analysis of variance 660 (ANOVA) was performed to determine the differences in fungal growth among the 661 strains using the agricolae package in R (Mendiburu, 2015) . The radial growth rate 662 (mm/day) for each strain was measured by plotting the colony radius over time, which 663 fitted to a linear model (Pearson's correlation coefficient value (r 2 ≥ 0.98)). Relative 664 growth rate was calculated by dividing the slope of the regression line of DZtSo by the 665 slope of DZtKu70 or DZtSo-comp strains.
667
Because mycelial growth on the WA plate exhibits a poor color contrast, it was not 668 possible to use the macro to estimate mycelial area. Thus, we manually calculated the 669 mycelial diameter from digital images of at least 40 colonies formed in five independent 670
Petri dishes at 15 dpi and using ImageJ software (Schneider et al., 2012) . The mycelial 671 diameter values were divided by two to generate the radial growth (mm) values. 672 28 673
The degree of melanization of each tested Z. tritici strain was estimated from at least 674 40 colonies formed on PDA plates. We used a macro developed in the ImageJ 675 (Schneider et al., 2012) , which scores the mean gray value of each individual colony. 676
Gray values range from 0 to 255, with 0 representing black and 255 representing 677 white. The mean gray values of each strain over time were plotted in a boxplot using 678 ggplot2 package from R (Wickham, 2009) . 679
680
The impact on the cell integrity caused by the deletion of ZtSo was verified by exposing 681 blastospores of DZtKu70, DZtSo, and DZtSo-comp to nine different stress conditions,
682
including different temperatures (18°C and 27°C), oxidative stress (0.5, and 1 mM of 683 hydrogen peroxide -H2O2), osmotic stress (1M sodium chloride -NaCl and 1M 684 sorbitol), cell wall stress (2 mg/mL congo red and 10 µg/mL calcofluor white -CFW), 685 and plasma membrane stress (0.01% sodium dodecyl sulfate -SDS). Spore 686 suspensions of each strain were serial diluted to 4x10 4 , 4x10 5 , 4x10 6 , and 4x10 7 687 blastospores/mL and drops of 3.5 µL were plated on five independent PDA plates 688 containing the mentioned stresses and incubated at 18°C. Colony phenotypes were 689 assessed by digital images taken at 5 dpi. 690 691
Virulence assay and pycnidia formation in vitro 692
We used five different winter cultivars of wheat (Triticum aestivum L.) based on their 693 susceptibility or resistance to Z. tritici, as described in the Swiss granum website 694 
Confocal laser-scanning microscopy of infected wheat leaves 714
To assess the impact of ZtSo deletion on fungal fitness during host colonization, we 715 inoculated wheat plants with 1E4GFP and other two independent GFP-tagged DZtSo 716 mutants. Infected leaves were harvested at 6, 7, 8, 9, 10, 11, and 12 dpi and checked 717 for developmental stages of asexual fruiting bodies. Microscopy was conducted using 718
Zeiss LSM 780 inverted laser-scanning microscope with ZEN Black 2012 software. An 719 argon laser at 500 nm was used to exited GFP fluorescence and chloroplast 720 autofluorescence with an emission wavelength of 490-535 nm and 624-682 nm, 721 30 respectively. Analyses, visualization, and processing of image z-stacks were 722 performed using ImageJ software (Schneider et al., 2012) . 723
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